The rotationally resolved LIF spectra of four different isotopomers of the phenol-nitrogen cluster have been measured to elucidate the structural parameters of the cluster in ground and electronically excited (S 1 ) state. The fit of the rotational constants has been performed by a genetic algorithm and by an assigned fit to the line frequencies. The results of both methods are compared. The intermolecular structures are fit to the inertial parameters and are compared to the results of ab initio calculations for both states. This fit was performed under the restriction that the geometry of the monomer moieties do not change upon complexation. Of the remaining five intermolecular parameters two dihedral angles were fixed due to the planarity of the complex, which was inferred from the inertial defects of all isotopomers. The distance of the nearest nitrogen atom to the hydrogen atom of the phenolic hydroxy group is found to decrease upon electronic excitation of the chromophore considerably more than predicted from ab initio calculations. This deviation between theory and experiment can be traced back to the absence of electron-electron correlation in the performed complete active space self-consistent field calculations. The shortening of the OH¯NN ''hydrogen'' bond upon electronic excitation is in agreement with the increased dipole moment of phenol in the S 1 -state.
I. INTRODUCTION
van der Waals clusters between aromatic molecules and noble gas atoms have been investigated in the past in great detail. In all cases the noble gas is found to be situated above the aromatic ring ͑-bond͒ with typical distances of about 350 pm for Ar and 340 pm for Ne atoms.
For three monohalobenzenes ͑F,Cl,Br͒ the complexes with nitrogen were also determined to be van der Waals bound 1 above the aromatic ring. The aniline-nitrogen system has been studied using rotationally resolved electronic spectroscopy and was found to be van der Waals bound with a perpendicular distance of the nitrogen molecule from the aromatic plane of 343.3 pm. 2 For the nitrogen-phenol cluster one would expect a bonding similar to the van der Waals clusters from the previous paragraph. However it was shown by the group of Müller-Dethlefs that the structure of phenol-N 2 in the ground state, in the electronically excited state, and in the cation is dominated by dipole-quadrupole interactions. This leads to a ''hydrogen bond'' type of geometry, rather than electron dispersion interactions, that favor the van der Waals geometry. [3] [4] [5] The structure of phenol-nitrogen in the electronic ground state was extracted by Müller-Dethlefs from a rotational band contour analysis of the REMPI spectrum of the electronic origin of the complex. 5 Fuji et al. 6 studied the ground state of the complex using IR-UV double resonance spectroscopy and found a slight redshift of Ϫ5 cm Ϫ1 of the intramolecular OH-stretching vibration, with respect to the value in the monomer, while in the D 0 -state a redshift of Ϫ159 cm Ϫ1 was found. The redshift of the OH-stretching vibration is considerably smaller than in ''real'' hydrogen bound systems like phenol-water with Ϫ133 cm Ϫ1 . 7, 8 Watkins et al. 9 performed complete active space selfconsistent field ͑CASSCF͒ calculations with an active space of eight electrons in seven orbitals, including exclusively -type orbitals from phenol. These calculations give a prediction of the structure of the phenol-nitrogen complex in the S 0 and the S 1 -state.
Solca and Dopfer 10 investigated the phenol-N 2 cation using IR spectroscopy and found a proton bound species for this cluster.
In this paper we present the first high resolution study of the electronic origins of four isotopomers of the phenolnitrogen cluster: phenol-N 2 , d 1 -phenol-N 2 , d 5 -phenol-N 2 , and d 6 -phenol-N 2 . These data allow a unique structure determination of this complex. This structure will be compared to the results of ab initio calculations. Furthermore we determined the S 1 -state lifetimes of all isotopomers from a rovibronic band contour analysis of all isotopomers used in this study.
II. EXPERIMENT
The experimental setup for the rotationally resolved LIF is described elsewhere. 11 Briefly, it consists of a ring dye laser ͑Coherent 899-21͒ operated with Rhodamine 110, pumped with 6 W of the 514 nm line of an Ar ϩ -ion laser. The light is coupled into an external folded ring cavity 12 for the second harmonic generation ͑SHG͒. The molecular beam is formed by expanding phenol, seeded in 400 mbar of a mixture of argon and nitrogen ͑80:20͒, through a 70 m hole into the vacuum. The molecular beam machine consists of three differentially pumped vacuum chambers that are linearly connected by skimmers ͑1 mm and 3 mm, respectively͒ in order to reduce the Doppler width. The molecular beam is crossed at right angles in the third chamber with the laser beam 360 mm downstream of the nozzle. The resulting fluorescence is collected perpendicular to the plane defined by laser and molecular beam by an imaging optics setup consisting of a concave mirror and two plano-convex lenses. The resulting Doppler width in this set-up is 25 MHz ͑FWHM͒. The integrated molecular fluorescence is detected by a photomultiplier tube whose output is discriminated and digitized by a photon counter and transmitted to a PC for data recording and processing. The relative frequency is determined with a quasi confocal Fabry-Perot interferometer with a free spectral range ͑FSR͒ of 149.9434͑56͒ MHz. The FSR has been calibrated using the combination differences of 111 transitions of indole for which the microwave transitions are known. 13, 14 The absolute frequency was determined by recording the iodine absorption spectrum and comparing the transitions to the tabulated lines.
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III. RESULTS
We used four different isotopomers in this study. They will be defined in the following. In phenol-N 2 all elements are contained as the most abundant isotopomeric species ( 12 C, 1 H, 16 O, 14 N). In d 1 -phenol-N 2 the hydrogen atom of the hydroxy group of phenol ͑position 8 in Fig. 1͒ is replaced by deuterium. d 5 -phenol-N 2 means complete ring deuteration ͑positions 9-13 in Fig. 1͒ and d 6 -phenol-N 2 represents the completely ring and hydroxy deuterated isotopomer ͑po-sitions 8 -13 in Fig. 1͒ .
The rotationally resolved electronic spectrum of the electronic origin of phenol-N 2 is shown in trace ͑a͒ of Fig. 2 . The origin band is an a/b-hybrid band due to reorientation of the inertial axes in the cluster with respect to the monomer axes. In the monomer the orientation of the transition dipole is almost exactly along its inertial b-axis. The observed spectrum consists of about 400 clusters of lines, with only a few single rovibronic lines ͓cf. the expanded view of the spectrum in trace ͑c͒ with the simulated stick spectrum shown in trace ͑e͒ of Fig. 2͒ . This massive overlap is due to the relatively small rotational constants of the complex. For this reason a fit of the spectrum using the quantum number assigned line positions to an appropriate Hamiltonian is very difficult. A problem like this, which arises frequently in congested spectra, can be solved with the aid of a fit based on a genetic algorithm ͑GA͒. In such a fit the contour and shape of the spectrum is used and it does not rely on the assignments of individual rovibronic lines. The fitting procedure using GA has been described in detail elsewhere. 16, 17 The initial search range for the parameters in the GA fit was obtained from a preliminary ab initio calculation. This calculation was based on a ''hydrogen bonded'' structure as proposed by Ford et al. 5 With the limits of the parameters given in Table I , the GA converged very rapidly. A visual inspection on the final simulation showed a perfect match with the experimental spectrum. The molecular parameters obtained from the GA fit are presented in the second column of Table II . The values given and the quoted uncertainties are the result of a statistics on ten independent GA runs, with different initial seeds, i.e., different starting populations of the evolution.
In a second step, we used the results of the GA calculation to assign quantum numbers to the individual transitions and cluster of lines. Because of the high quality of the GA fit, this was an easy task in spite of the large number of overlapping lines. With these line positions assignments a second fit to the parameters of a rigid rotor Hamiltonian for both electronic states is performed that in particular yields better values for the uncertainties of the parameters. For most parameters the values obtained from the line fit ͑Table II, column 1͒ agree within their uncertainties to the corresponding GA results.
FIG. 2. ͑a͒
Rotationally resolved electronic spectrum of the electronic origin of phenol-N 2 . ͑b͒ Simulation, using the inertial parameters, given in Table  III Table III . All isotopomers are near prolate asymmetric rotors, with a small negative inertial defect in both electronic states, indicating the planarity of the complex in both electronic states.
The shifts of the electronic origins with respect to the origin of phenol-N 2 are also given in Table III . These isotopic shifts are due to different zero-point energies of the isotopomers in both electronic states and are very similar to the respective shifts of the phenol monomer.
Since the GA performs a line shape fit of the complete spectrum, much better information on the linewidth is gathered than from a line shape fit to a few individual lines. In order to obtain the relevant parameters that determine the intensities in the spectrum, we performed a second GA fit with a reduced search range and a weight function width 16 narrowed down to zero. This resulted in improved values for the angle (cos ϭ a / b ) and the Lorentzian component of the linewidth. The Gaussian width is fixed to the experimentally determined value of 25 MHz. The temperature dependence of the intensity is described by a two temperature model,
where E is the energy of the lower state, k is the Boltzmann constant, w is a weighting factor, T 1 and T 2 are the two temperatures. The resulting temperatures and weights obtained from the individual spectra of the four isotopomers are presented in Table IV .
A. Lifetimes
The Lorentzian linewidths ͑and therefore the S 1 -state lifetimes͒ show a characteristic pattern which depends more or less only on the isotopic substitution at the phenolic hydroxy group. The pattern is similar to that found for the phenol monomer. Isotopic substitution of H with D at the phenolic hydroxy group leads to a reduction of Lorentzian width and thus to a longer S 1 -state lifetime. While complexation of phenol with water increases the lifetime from 2 ns to 15 ns, the lifetime of the complex with nitrogen is found to be 8 ns. Phenol-water and d 1 -phenol-water have the same lifetime of 15 ns, while for phenol-nitrogen the lifetime increases upon isotopic substitution of hydrogen with deuterium at the phenolic hydroxy group ͑see Table IV͒. Sobolewski and Domcke 19 discussed a conical intersection of the repulsive 1 * potential energy surface with the originally excited 1 * surface and a subsequent intersection with the ground state potential energy surface to account for the short lifetime of phenol. The longer lifetimes of the deuterated phenol and the phenol-water clusters are attributed to different mechanisms. In the first case, the probability of tunneling through the barrier which separates the 1 * from the 1 * surface is reduced due the smaller zero-point energy of the deuterated phenol. In the latter, the form of the electronic potential functions is changed, so that the intersection of the 1 * with the ground state is removed. This leads to the observed increase of the lifetime in the phenolwater cluster.
Another explanation for the increasing lifetime of the deuterated phenol as well as of the water cluster was pre- Table III . sented by Lipert et al. 20 The short excited state lifetime of phenol was attributed to a rapid internal conversion ͑IC͒, with the ground state OH stretching vibration as a promoter mode. 20, 21 The frequency of this promoter mode shifts to lower frequencies upon deuteration as well upon cluster formation, which is believed to cause the increase in lifetime. For the phenol-water cluster a redshift of Ϫ133 cm Ϫ1 of the OH-stretching vibration is found, 7, 8 while for phenolnitrogen the experimentally determined redshift is only Ϫ5 cm Ϫ1 . 6 Such a small shift of the frequency of the promoter mode cannot account for the large change in lifetime observed in the experiment.
A decision, which of both models applies, has to be postponed until a CASPT2 profile for ground state, 1 *, and 1 * state along the OH-stretch coordinate is calculated. This work is under way.
B. Determination of the structure
The program PKRFIT ͑Ref. 22͒ was used to determine the structure of the phenol-N 2 cluster in the S 0 and S 1 -states. Figure 1 shows the atomic numbering and the definitions of the geometrical parameters. The structure given in Fig. 1 represents just one input geometry for the fit. As the Levenberg-Marquardt fitting algorithm 23, 24 that was used for the geometry fitting is a local optimizer we tested several other starting geometries. They had either a higher value of the cost function or converged to the same minimum. The rotational constants of the four isotopomers discussed in the previous section were used as input. The monomer geometry of phenol in the S 0 -state has been kept fixed to the r s -structure, obtained by Larsen via microwave spectroscopy, 25 the S 1 -geometry parameters for phenol are taken from Ref. 22 . The N-N distance in the nitrogen molecule has been kept fixed to a value of 109.77 pm as determined by Berndtsen 26 using Raman spectroscopy. Therefore the only geometry parameters to be determined are the five intermolecular degrees of freedom between the phenol and nitrogen constituents. From the small negative inertial defect of all isotopomers ͑Table III͒ we can immediately conclude that the complex is planar in both the S 0 and S 1 -state. Consequently, the two dihedral angles were set to 0°. The remaining three geometrical parameters were fitted to the rotational constants of the four phenol-nitrogen isotopomers. We performed two different structural fits: one to the r 0 -structure, which completely neglects the different vibrational contributions from the different isotopomers and is based on the following assumption:
The second is a fit to the pseudo-r s -structure. The latter takes into account the vibrational effects of the different isotopomers via three parameters ⑀ 0g that describe the average vibrational contributions with respect to the inertial axes g,
In these equations I 0 g are the ͑experimentally determined͒ zero-point averaged moments of inertia with respect to the inertial axes g. The functions I rigid g (r 0 ) or I rigid g (r s ) are calculated from the structural parameters r 0 or r s , respectively, using rigid-molecule formulas. The ⑀ 0g are the vibrational corrections, which are assumed to be the same for all isotopomers. The inertial parameters, which are calculated from Eqs. ͑2͒ and ͑3͒, are compared to the experimental rotational constants in Table V . The difference between a fit to the pseudo-r s -structure and the r 0 -structure is small. Regarding the weak intermolecular bond, that gives rise to very low frequency vibrations with large amplitudes, this finding is somehow surprising.
The resulting geometrical parameters for the ground and electronically excited states are presented in Table VI . The r 0 -distance between the hydrogen atom of the hydroxy group and the closest nitrogen atom in the electronic ground state is Molecular constants of phenol-N 2 , ͓7D͔phenol-N 2 , d 5 -phenol-N 2 , and d 6 -phenol-N Fig. 4 .
C. Comparison to the results of ab initio calculations
The structure of phenol-N 2 in the electronic ground state has been optimized at the counterpoise gradient corrected HF and MP2/6-311G(d, p) level and at the CIS/6-311G(d,p) level for the electronically excited S 1 -state with the GAUSS-IAN 98 program package ͑Revision 11͒. 28 The SCF convergence criterion used throughout the calculations was an energy change below 10 Ϫ8 Hartree while the convergence criterion for the gradient optimization of the molecular geometry was ‫ץ‬E/‫ץ‬rϽ1.5•10 Ϫ5 Hartree/Bohr and ‫ץ/‪E‬ץ‬ Ͻ1.5•10 Ϫ5 Hartree/deg, respectively. Additionally a CASSCF calculation has been performed with ten electrons in nine orbitals. The active space is composed of the six aromatic , * orbitals located at the carbon atoms, the p z lone pair orbital at the phenolic oxygen atom, and two orbitals from the nitrogen moiety ͑one occupied, one unoccupied͒ in the complex. The orbitals used in the resulting CAS͑10/9͒ space are shown in Fig. 5 . The result of the above calculations along with a CAS͑8/7͒ study, which contains only electrons localized at the phenol chromophore, from Watkins et al. 9 are given in Table VII .
The MP2 structure optimizations with the 6-311G(d,p) basis set reproduce the ground state rotational constants within 2% or better. It is necessary to apply counterpoise corrected gradients in the optimization, otherwise they converge to a different geometry largely deviating from the experimental one. The results of the latter calculations are given in parentheses in Table VII . The description of the cluster structure thus demands either a much larger basis set or the imperative use of counterpoise corrected gradients in the optimization.
The changes of rotational constants upon electronic excitation have been approximated by the difference between the rotational constants of a HF/6-311G(d,p) calculation for the ground state and a CIS/6-311G(d,p) calculation for the electronically excited state. The experimentally determined differences are reproduced with a surprising accuracy, which can be traced back to the similar deficiencies of both methods to describe the electron correlation. It can be concluded FIG. 4 . ͑a͒ Pseudo-r s -structure of phenol-nitrogen in the electronic ground state. ͑b͒ Pseudo-r s -structure of phenol-nitrogen in the electronically excited state. TABLE V. Experimentally determined and fitted rotational constants of the electronic ground state of phenol-N 2 , using the model given in Fig. 1 Using the cc-pVDZ basis.
that the main interactions that stabilize the complex are multipole interactions, which can sufficiently well be described on the Hartree-Fock level. An even better agreement between theory and experiment for both electronic states is found from the CAS͑8/7͒/ cc-pVDZ calculations performed by Watkins et al. 9 The reported changes of the rotational constants upon electronic excitation as well as their absolute values in the S 1 -state are in very good agreement with the experimental results.
Although the electronic excitation takes place mainly in the chromophore, we extended the active space in the calculations of the phenol-nitrogen complex to include two electrons in a -orbital of the nitrogen moiety and the belonging *-orbital. The results for these CAS(10/9)/6-311G(d,p) and CAS͑10/9͒/cc-pVDZ calculations are presented in Table  VII . Both calculations show a very good agreement with the experimentally determined rotational constants. The rotational constants and geometries obtained from the CAS͑10/ 9͒/cc-pVDZ and the CAS͑8/7͒/cc-pVDZ are similar, but nevertheless show differences that might prove important if one tries to calculate molecular properties with ''spectroscopic accuracy.'' Both r 0 and pseudo-r s geometry predict a hydrogen bonded cluster as proposed by Ford et al. 5 For both structures the H¯N distance is considerably shorter than predicted from the ab initio calculations and the nitrogen molecule deviates from a near linear hydrogen bond structure. One reason for this deviation might be zero-point vibrational effects on the geometry, which are contained in both r 0 and pseudo-r s structure, but not in the r e structure obtained from the ab initio calculations. Another explanation is the lack of electron correlation in the CASSCF calculations. This is supported by the fact that the MP2 calculations for the electronic ground state, which account for dispersion interactions, predict a shorter H¯N distance than the CASSCF optimization of the ground state.
As can be inferred from Table VI , the decrease of the bond length upon electronic excitation is greatly underestimated at the CASSCF level. Theory predicts less than 1 pm decrease, while the experimentally determined reduction is found to be between 10 and 15 pm.
The angle between the transition dipole moment ͑TDM͒ and the inertial a-axis was determined experimentally to be 59.87°for phenol-N 2 ͑cf. Table IV͒ . This angle, determined at the CAS͑10/9͒/cc-pVDZ level of theory, is found to be 57.08°if the transition dipole moment in the cluster is assumed to be unchanged from that of the monomer. In the phenol monomer the TDM is found to be oriented along the inertial b-axis. Isotopic substitution rotates the inertial axes and changes therefore this angle. The experimentally determined value for in d 1 -phenol-N 2 is 62.53°, while the ab initio calculations give an angle of 57.18°. The increase of the angle from theory is considerably smaller than determined experimentally. Thus in the CAS͑10/9͒/ccpVDZ geometry the hydroxy group is located too close to the a-axis. This study, using the cc-pVDZ basis set.
IV. CONCLUSIONS
The structure of phenol-nitrogen has been determined in the electronic ground and first excited state to be planar hydrogen bonded. The rovibronic spectra of the electronic origins of four isotopomers could be measured and assigned with the aid of a genetic algorithm fit. This fit does not rely on prior assignments of quantum numbers to selected rovibronic transitions, which might be difficult in case of congested spectra. The fluorescence lifetime of phenol-N 2 and d 5 -phenol-N 2 was found to be 8 ns which is considerably longer than the lifetime of bare phenol ͑2 ns͒. Deuteration at the phenolic hydroxy group (d 1 -phenol-N 2 and d 6 -phenol-N 2 ) increases the lifetime of the cluster to 17 and 14 ns, respectively. This is close to the value determined for bare d 1 -phenol ͑15 ns͒.
The intermolecular geometry, which was deduced from the inertial parameters to have an OH¯NN pseudo-r s bond length of 225.5 pm (r 0 ϭ233.1 pm), which is considerably shorter than the value obtained from a CAS͑10/9͒/cc-pVDZ calculation. This deviation can be traced back to a lack of electron correlation, which has to be included in the optimization of the cluster structure for both electronic states. CASPT2 calculations are currently on the way to improve the prediction of the geometry of the cluster in both electronic states.
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